Treatment of highly contaminated composite tannery wastewater from common effluent treatment plant (CETP) was undertaken using indigenously developed ceramic microfiltration membranes. The effluent had a high load of organic and inorganic materials represented by about 5680 mg/L of chemical oxygen demand (COD), 759 mg/L of biochemical oxygen demand (BOD 5 ) etc. The current study proposed a dual stage treatment involving microfiltration (MF) followed by reverse osmosis (RO) compared to conventional process. The final water was fit for reuse in the tanning process. Organic loadings in terms of COD and BOD 5 values were below detection limit and turbidity was reduced to 0.025 NTU in the combined process. Reuse study was conducted using cow hide and leather properties were compared to that of control. Leather tanned with RO permeate had better tensile strength, stitch tear strength and grain crackness properties. Dye uptake was also more in case of leather tanned with RO permeate.
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Introduction
Leather has many applications apart from leather goods such as for production of various cosmetics, fertilizers, etc. and is one of the most booming industries of today′s world. The raw material used consists of hide or skin of animals that undergoes various pre-and post tanning operations involving use of many chemicals. Conversion of leather takes place in aqueous medium containing acids, alkalis, chromium salts, tanning agents, oils, fats and salts, etc. As such, large amount of toxic effluent is produced having huge chemical oxygen demand and biochemical oxygen demand, suspended and dissolved solids, chromium, surfactants etc. [1, 2] . Various treatment technologies have been proposed by the researchers worldwide to treat the toxic effluent. Raw vegetable tannery wastewater was treated following coagulation-flocculation method with poly aluminum chloride in alone and in combination with a coagulant [3] . The study resulted in successful removal of total suspended solids (TSS), COD and colour. In another study bittern was used as coagulant, ozone for oxidation and activated carbon for adsorption [1] . The combined process resulted in reduction of suspended solids, colour, turbidity, chromium, nitrogen, etc. Apart from these methods conventional activated sludge process has been studied for tannery wastewater treatment with significant removal of BOD 5 and COD alone [4] or, in combination with several physicochemical methods [5] .
To overcome the drawbacks associated with conventional treatment processes scientists are constantly trying to reach for newer and cleaner technologies. Membrane processes gain importance in this regard. Successful treatment of tannery wastewater collected from beam house units was achieved with nanofiltration (NF) and RO [6] . Treatment and reuse of tannery wastewater produced in retanning process was studied by researchers [7] . Different steps including biological pretreatment, physico-chemical process using a polymeric coagulant and finally reverse osmosis with plane membrane was employed. The combination method resulted in satisfactory removal suitable for wastewater recovery and reuse. In another study, a combination process of filtration using a microfilter, ultrafiltration and reverse osmosis was used for treatment of a physico-chemically treated tannery wastewater [8] . Attempt was undertaken by scientists to treat tannery effluent from secondary clarifier containing huge amount of total dissolved solids and other impurities. Pre-treated effluent was subjected to pilot scale membrane system consisting of nanofiltration and reverse osmosis. About 98% removal of total dissolved solids was obtained while permeate recovery was about 78%. The treated water was used in wet finishing process of tanning [9] . Most of these studies are based on different organic membranes. However, the commonly used polymeric membranes have the drawbacks like lower thermal and acid-alkali resistance [10] . CSIR-Central Glass and Ceramic Research Institute have indigenously developed ceramic membranes from cost effective composition of clay and alumina. Ceramic membrane can operate at wide range of temperature and are stable at harsh environment of acid and alkali. They have narrow and well defined pore size distribution and excellent chemical resistance against strong cleaning agents which ensures stability of membrane performance for longer time [11] . Ceramic membranes have been effectively used for treatment of industrial and domestic wastewater [12, 13] .
In the present study an attempt was undertaken to treat, reuse and recycle the composite tannery wastewater with high organic loading. The work presented in this paper is aimed at reducing the various steps involved in conventional common effluent treatment plant to two steps and at the same time recycling the treated water for leather processing. In an earlier study, treatment and reuse of tannery wastewater was performed using polymeric ultrafiltration and reverse osmosis process [14] . In the present work the composite tannery wastewater which includes combined effluents collected from different units of pre-and post-tanning operations was treated using ceramic microfiltration process. The permeate produced from MF was subjected to RO as second step of treatment. Pretreatment is essential for RO process since fouling occurs in RO membrane due to hard scales and soft amorphous complexes present in wastewater. Scaling occurs due to super-saturation of RO brine with respect to salts having low solubility. Concentrations of total dissolved solids, crystallization of specific compounds etc. may result in formation of scales that develops at the back end of RO system where concentration is low and moves towards higher concentration in the front. Wastewater contains very fine suspended solids which can cause blocking of pores of the membrane which might be difficult to clean causing irreversible fouling. To prevent such fouling feed water of RO must have turbidity below 1 NTU. Hence pre-treatment is a necessity in RO process [8, 15, 16] . Low pressure membranes are one of the most viable, safe and cost effective means of pre-treatment to RO [17] . These membranes often reduce the process steps involved in conventional pretreatment like coagulation, flocculation, sedimentation, etc. [18] . Quality of RO feed produced by using these membranes is far superior to conventional process. MF/UF polymeric membranes have been successfully used as RO pre-treatment of secondary clarifier effluent [19] . Ceramic membranes are widely used for treatment of food products, wastewater, industrial applications, etc. The ceramic MF membranes have high porosity and their pore structure is suitable for separation of turbid and colloidal contaminants from higher loading wastewater. As a result, the process produces permeate which are generally free from suspended solids and are suitable to be used as feed to the next stage RO process. Ceramic membranes have long shelf life, resistance to harsh chemicals, high working temperature and can be sterilized. Due to these reasons, instead of other physicochemical treatments the ceramic membrane based MF process was selected for pretreatment of raw tannery effluent [20, 21] .
The treated water was reused for tanning operation and its characteristics were compared with that of fresh water for process optimization. The RO permeate was used in each step of tanning process in collaboration with a well known tannery industry located in Kolkata, the capital city of West Bengal in India. After tanning, the finished leather was subjected to various physical and chemical analyses to compare the finished product quality with that produced using fresh water.
Materials and methods

Characterization of wastewater
The composite tannery wastewater was collected from collection pit of common effluent treatment plant located at Kolkata. Immediately after collection, the wastewater was subjected to characterization as shown in Table 1 . All the analysis was performed as per standard methods of water and wastewater analysis APHA [22] . pH, turbidity, biochemical oxygen demand (BOD 5 ), salinity, conductivity and total dissolved solids were analyzed using instruments by HACH, USA. Chemical oxygen demand was performed in COD digester by Spectralab, India. Total organic carbon was analyzed in TOC analyzer, Shimadzu, Japan. Total kjeldahl nitrogen (TKN) was analyzed in Nitrogen analyzer by Pelican Instruments, India. Heavy metals were analyzed in atomic absorption spectrophotometer by Perkin Elmer, USA.
The dual stage treatment process
Crossflow microfiltration (MF) process based on indigenously developed ceramic membranes was selected as the first stage of treatment. The membrane was of tubular configuration. In each membrane element there were 19 numbers of circular channels of 4 mm inner diameter each. The study was conducted in bench scale set up with length of the ceramic tube being 200 mm and 35 mm outer diameter. The porosity of the ceramic element was 36% and filtration area of 0.0512 m 2 .
The ceramic membranes had high chemical and mechanical resistance. For the present microfiltration study about 8 L of feed was taken in 10 L capacity stainless steel tank. The ceramic membrane was encased in tubular stainless steel housing of 200 mm length and 60 mm outer diameter. The complete module was fitted horizontally in the set up. Feed was passed tangentially through the membrane at high flow rate. Permeate solution was collected through a small port at the bottom of the membrane module. The feed was circulated without pressure for about 30 min before membrane operation. The study was conducted in continuous mode where permeate produced was collected at regular intervals and new feed was added continuously. At the end of the experiment total volume of feed added and volume treated, was noted. Experiments were conducted at different transmembrane pressure (TMP) of 0.4-2.2 kg/cm 2 to observe the effect of operating pressure on the permeate flux with crossflow velocity of 1 m/s. After selecting 1.0 kg/cm 2 as optimized pressure, continuous study was conducted at this pressure. The study was continued for 8 h per day with total 15 days. After completion of experiment the system as well as the ceramic membrane was cleaned thoroughly with 0.1(N) acid and alkali solution, respectively, followed by washing with deionised water at high velocity and low pressure. The ceramic membrane surface was characterized by field emission scanning electron microscopy (FESEM) using an instrument of Jeol, Japan. Permeate collected from the MF process was treated further using reverse osmosis. The spiral wound RO membrane was made of thin film composite polyamide material and was housed in stainless steel pressure vessel. The module had an effective area of 1.40 m 2 . The feed was taken in 50 L feed tank made of high grade polymer. The RO reject was returned back to the feed tank of RO process for complete recycling of wastewater. Permeate was collected from one end of the module. The pump capacity was 36 LPM (liter per minute) at 40 kg/cm 2 pressure. The RO experiments were carried out at varying operating pressure of 1.75-14.0 kg/cm 2 . Effect of time on permeate flux profile was observed at an operating pressure of 7 kg/cm 2 . After completion of experiments the RO membrane was cleaned first by passing 2% citric acid solution (pH 4) for 1 h without pressure to remove the deposited particles. This was followed by washing the unit with deionised water and then by 0.1% EDTA solution at pH 11 for 1 h. A 0.1% NaOH solution was used for removal of biofoulants due to tannery wastewater. Finally the whole unit was washed by circulating deionised water for 1 h without any pressure.
The total experimental work has been demonstrated in schematic diagram (Fig. 1 ).
Reuse of treated water in leather processing
To conduct the reuse study cow hides were taken and cut into two equal halves. One half was taken for reuse experiments and the other half as control. The hides of approximately equal weight was taken and subjected to tanning process in two separate drums. The treated water sample from RO process was used as experimental and fresh water was used as control. Both the samples were weighed equal to the weight of hides and 1.5% w/v oxalic acid was added for deliming of skin (pH 2.8). Tanning was carried out by treatment with various enzymes, syntans, fish oil, etc. to smoothen the grain of leather a soft and flexible product. This operation was conducted for about two and half hours followed by neutralization to pH 4.5. Tanning is done to convert collagen protein of hide into stable material whereby it will not putrefy and be stable under conditions of heat and moisture. The next step was dyeing which is done to give the leather its colour. For making the leather soft and moisturized the hide skins were soaked in resin syntans and fats, etc. Dyes were selected according to the requirement of the industry. After dyeing process was completed the hide skins were preserved using preservative and formic acid. The wet leathers were then subjected to various steps like sammying where the hides are pressed to remove excess water. This was followed by setting and hanging overnight in vacuum for further drying. The leathers were then conditioned, stacked and buffered to cover up any imperfections that might have resulted. Pigment finish was applied to the crust to seal the colour and giving leather more protection and durability. The finished leathers were then tested for physical strength and chemical properties.
Results and discussions
Crossflow microfiltration study
The composite tannery effluent was first treated using ceramic membrane based microfiltration process. Experiments were performed with feed having 5 different initial COD values and the average data was represented in Table 1 . From Table 1 it was observed that about 91% reduction in COD and BOD 5 was achieved. Turbidity of treated water reduced to below 1 NTU. Tannery effluent has high TKN value due to use of animal skin, hides etc. By MF process about 66% reduction of TKN was achieved. In the study of Majouli et al. [23] , tubular microfiltration membrane made of cordierite/zirconia and alumina was used for treatment of beam house effluent. They obtained about 60-65% reduction of COD and 57-59% reduction of TKN.
Interestingly, complete removal of sulphide was achieved in the MF process itself. TOC reduction was about 65%. All the parameters when measured for retentate showed that maximum removal of organic and inorganic materials occurred in MF process which contributed to maximum retention. This also resulted in reversible fouling which was evident from the flux data. Fig. 2(a) suggested that in general, with increase in feed COD value, flux decreases. For a particular feed with COD value 5218 mg/L, after operation for about 7000 min at 1 kg/cm 2 transmembrane pressure, the permeate flux decreased from 47 kg/cm 2 to 34 kg/cm 2 . To observe the effect of pressure on permeation flux, MF study was conducted at varying pressure (Fig. 2b) 3.2. Characterization of the ceramic surface before and after MF study Fig. 3(a) represented ceramic membrane surface before membrane filtration which indicated presence of clear and open pores on the surface. In Fig. 3(b) the membrane surface after filtration with tannery effluent was shown which reflected smooth surface compared to the initial rough structure, including many of the pores closed. This was obvious since composite tannery effluent had a high organic load in addition to the suspended and dissolved solid materials. Adsorption of the solid matter could take place on the membrane surface with blocking of the pores which could be explained by the decline in permeate flux during the MF study. For a better understanding, energy dispersive X-ray spectroscopy (EDX) analysis of this membrane surface was obtained (Fig. 4) which indicated presence of toxic heavy metals like chromium as well as, other inorganic constituents like sulfide, chloride, and iron in greater amount. These results explained the possible removal of chromium and other inorganic salts from wastewater by microfiltration membrane i.e. the cake formed on membrane surface acted as adsorbent that retained the organic and inorganic constituents and the resultant permeate was free from these toxicants.
Reverse osmosis study
RO process was incorporated with MF in order to ensure a complete treatment and to obtain a treated water quality suitable for water reuse with reduced concentration of dissolved salts and metallic components. The permeate produced from RO study ( Table 1) had negligible concentration of COD, BOD 5 , TKN and TSS. Turbidity was about 0.025 NTU. About 99% reduction of TOC was obtained. Most of the metals like lead, copper, chromium, zinc and nickel, etc. were almost removed by RO process. There was reduced presence of sodium and chloride in RO permeate stream with about 95% reduction in the total dissolved solids. The retentate characteristics clearly revealed that maximum organic and inorganic substances were retained by RO membrane and as such, the permeate was free from those substances.
Similar results were obtained by Scholz et al. [24] who used a combined treatment of MBR and RO resulting into 90-100% reduction of COD, BOD and ammonia for mixed tannery effluent. Salt content was reduced to 97.1%. Reuse of tannery wastewater was studied by Ranganathan and Kabadgi [25] . In this study conventional treatment methods like neutralization, clari-flocculation and biological processes were used as pre-treatment before RO process. About 93-98%, 92-99% and 91-96% removal of TDS, sodium and chloride, respectively, were achieved for 5 different tanneries. 70-85% of water could be recovered and recycled. Krishnamoorthi and Saravanan [26] obtained 96% removal of COD and 97% of ammonia and nitrate by combined process of conventional activated sludge and RO. Considering these results, it may be concluded that the present two-step membrane filtration approach has substantial potential in treatment of higher loading tannery wastewater for its subsequent reuse.
The permeate flux profile of five different feed (MF permeate) with varying initial COD values was shown in Fig. 5 (a) obtained after operation of membrane for 2500 min. Similar to MF process, higher COD value of feed resulted in lower permeation flux due to increased feed concentration. The figure indicated a decline of about 8% from an initial flux of 10 LMH for a feed with initial COD value of 472 mg/L at 7 kg/cm 2 (100 psi). Pressure variation between 1.75-14.0 kg/cm 2 showed an increase in flux with increasing pressure (Fig. 5b) . The permeate produced was found suitable for reuse in leather tanning operations. The overall water recovery from RO process was about 65-75% with respect to the feed volume and volume of treated water produced.
Statistical data analysis
Data obtained from experiments conducted were analyzed statistically describing the effect of time and transmembrane pressure on permeate flux using computer programmes Statistica for Origin 8.5. Effect of time on permeate flux (Fig. 2a) for MF after 7200 min (120 h) of operation followed third order polynomial as best fit for all COD values. Fig. 2(b) depicted that flux increased linearly with increasing pressure. In case of RO, effects of time on permeate flux showed polynomial second order behavior (Fig. 5a ) after 40 h of operation. The effect of transmembrane pressure on flux showed best fit with second order polynomial behavior (Fig. 5b) . Different parameters along with the correlation coefficient and standard error values were represented in Tables 4-7 .
From the t-value (Table 4) it was observed that the quadratic effect of time was most significant on the MF process for initial COD value of 3797 mg/L whereas cubic effect was most significant for other COD values. From Table 5 , t-value suggested that effect of pressure on flux was linear. In case of RO process the t-value (Table 6) initial feed COD value of 228 mg/L, 390 mg/L, 620 mg/L and 892 mg/L whereas for COD value of 472 mg/L, time had linear effect on flux. In case of pressure study the t-value (Table 7) depicted that quadratic effect of transmembrane pressure was most significant on flux in the RO process.
Physical and chemical properties of finished leather and produced effluent
The physical properties of leather includes measurement of tensile strength, stitch tear strength, percent of elongation, grain crackness etc. Among this tensile strength is the most important mechanical property of leather. Tensile strength is measured to obtain the maximum tensile stress a material can resist unless fracture takes place [27] [28] [29] . Elongation of leather is measured to obtain the ability of the material to stretch or elongate when stress is applied. It is expressed as percentage and indicates the extent to which stress could be applied before fracture. The physical parameters of the leather sample prepared using tannery effluent treated by the combined process were shown in Table 2 where a comparison was made with that of fresh water. Tensile strength, percent of elongation and stitch tear strength was measured in Digital Dynamometer, IG/DES, Giuliani, Italy. Thickness of leather sample was measured in Thickness tester, IG/MS, Giuliani, Italy. Grain crackness was measured in Lastometer, IG/LAST, Giuliani, Italy. Carbon, Hydrogen and Nitrogen analysis of leather was done by CHNS/O elemental analyzer, 2400 series II, Perkin Elmer, USA. It was observed that the leather being processed with the treated effluent was of better quality compared to that of control in terms of physical properties. Dye uptake by leather was more in case of sample prepared with the treated effluent (Fig. 6 ). Tensile strength of this leather was about 19% more than that of leather tanned using Table 6 Results of fitting the experimental values of permeate flux with varying time in RO process: fresh water. Full crack in conventional leather occurred at 845 kg/cm but for treated effluent tanned leather, the crack took place at 918 kg/cm. The effluent discharged at various steps of tanning were collected and subjected to characterization in terms of COD, TOC, TKN and chemical analysis for comparison with that of control. In addition, the final effluent that was discharged after the reusability study of tanning operation was also characterized. The water is discharged as effluent in several steps i.e. after pH adjustment, after neutralization, and after addition of preservatives. When compared with control mostly all the parameters in each step were comparable. Characteristics of the final effluent were shown in Fig. 7 . It was observed that sodium and chloride ions were present in the effluent after reuse which could be due to the presence of these ions in the original treated effluent i.e. the RO permeate. Also TOC, COD and BOD 5 values were in the comparable range. Elements like cadmium, zinc, lead, cobalt etc. were negligible for both control and the RO treated water.
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Cost analysis of the proposed process
A cost analysis of the proposed combined process of ceramic microfiltration followed by reverse osmosis process was made. The fixed cost included the cost of the ceramic MF setup and that of RO setup including the cost of membranes. Cost of the pilot scale setup of MF unit was about 2011 USD including 7 numbers of 19 channel ceramic membrane element. The elements were indigenously developed having an outer diameter of 34 mm and length of 1 m each costing about 27 USD. The cost of the polymeric RO membrane unit was about 5460 USD including two numbers of RO membrane modules of spirally wound configuration. From the laboratory scale studies, the operating cost of the MF process was found as 0.02 USD/L of water. Operating cost of the RO membrane was observed as 0.017 USD/L involving the electricity cost for running the recirculation pump. The maintenance cost would depend on the individual feed water quality, the chemical consumptions, cleaning and man power involvement. For plant operation and maintenance, generally 2-3 persons (manpower) are required. For the ceramic membranes, cleaning with low cost, dilute acid solution is required in 1 month while thorough cleaning is required after 6 months of operation or if flux decreases drastically. In case of RO process, if flux decline exceeds 15%, cleaning is required using the process as described in the materials and methods section. Overall, the total operating cost to produce 1 L of treated water from highly contaminated composite tannery effluent was approx. 0.03-0.04 USD/L. If the study is conducted in pilot scale, the combined process would cost about 0.01-0.015 USD/L of water/day. The costing is described in Table 3 including a comparison with that of conventional effluent treatment plant [30] . It might be observed that the overall costing for production of 1 L of treated water in the proposed approach is relatively lower than that of conventional treatment. Apart from low sludge production, the proposed process yields a higher water recovery. This reduces the pollution load on environment, as well as, minimizes the pollution tax. The installation cost is one time. While the ceramic microfiltration membranes have an operating life of 10-12 years, the RO membranes need to be replaced every 2-3 years or more with proper maintenance. According to Ranganathan and Kabadgi [25] , the installation and commissioning cost of conventional tannery effluent treatment plant including RO costs about 2.33 lakh USD and the cost of treated water is about 1.56 USD/L. For further optimization more experiments are required which are currently under trail. The ecofriendly approach of proposed treatment process reduces the pollution load to a considerable extent compared to the conventional effluent treatment process where the water is directly discharged which affects land and aquatic organisms and eventually human beings are getting affected. In common effluent treatment plant different types of chemicals are used as part of treatment which generates toxic sludge. Compared to this, the proposed process is environment friendly and the toxicity of sludge does not increase further [30] [31] [32] [33] . This sludge after compacting could be used as land filling.
Conclusions
The study presented the efficiency of combined technology of ceramic membrane based microfiltration and reverse osmosis by polymeric membrane in successful treatment and reuse of composite tannery effluent. About 91% reduction in COD and BOD 5 , 62% reduction in TOC and complete removal of sulphide was obtained in the direct microfiltration process while turbidity reduced to below 1 NTU. The RO process resulted in about 99% reduction of TOC and 82% reduction of sodium while turbidity value was about 0.025 NTU. Compared to the several stages in the conventional effluent treatment, the proposed two-stage process was able to successfully reduce toxic loading in terms of COD, BOD 5 , heavy metals, etc. present in higher loading tannery effluent and also minimized fresh water consumption. The water was found suitable for reuse in leather tanning. Comparison between the fresh water and the treated water data strengthened the fact which indicated that the water produced by the combined technology resulted in leather of high quality having tensile strength of about 19% higher than that of the control. Even elongation was about 38% compared to the control having 31.8%.
The proposed process reduces the cost of treatment compared to that of conventional treatment. The process may be up-scaled further for proper implementation in industries. This technology would be of great help to reduce fresh water consumption that is used in huge amount i.e. about 100,000 t and wasted in large amount as well (about 80,000 t) in tannery industry.
